The optical properties of several scarab beetles have been previously studied but few attempts have been made to compare beetles in the same genus. To determine whether there is any relation between specimens of the same genus, we have studied and classified seven species from the Chrysina genus. The polarization properties were analyzed with Mueller-matrix spectroscopic ellipsometry and the structural characteristics with optical microscopy and scanning electron microscopy. Most of the Chrysina beetles are green colored or have a metallic look (gold or silver). The results show that the green-colored beetles polarize reflected light mainly at off-specular angles. The gold-colored beetles polarize light left-handed near circular at specular reflection. The structure of the exoskeleton is a stack of layers that form a cusplike structure in the green beetles whereas the layers are parallel to the surface in the case of the gold-colored beetles. The beetle C. gloriosa is green with gold-colored stripes along the elytras and exhibits both types of effects. The results indicate that Chrysina beetles can be classified according to these two major polarization properties.
I. INTRODUCTION
The attractive shiny metallic coloration of Chrysina beetles in the Scarabaeidae family has made them highly attractive by insect collectors. They are also widely studied by researchers due to their brilliant iridescence and polarization features. Michelson noticed already in the early 1900s that light reflected from the scarab beetle Chrysina resplendens (Boucard, 1875) has a high degree of circular polarization [1] . Since then, a series of investigations has been performed in order to explain the structural origin of the color [2] [3] [4] [5] [6] [7] [8] and polarization properties [4, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] of these structures. Whether or not these beetles are able to detect polarized light has also been debated [24, 25] .
Although optical properties of many different scarabs have been studied, the reported properties have been focused on specimens from single species. However, in what respect specimens belonging to the same family, subfamily, or genus have similar polarization characteristics has not been studied.
In this work we have made extensive studies of polarization properties on several specimens exclusively from the genus Chrysina. The selected species are shown in Table I . The Chrysina genus is of particular interest since circular polarization effects have been observed in several of its many species and it was in this genus these effects were first observed. However, it should be pointed out that circular polarization effects have been observed in beetles in other subfamilies like the Cetoniinae [16, 21, 26] . Using Mueller-matrix spectroscopic ellipsometry (MMSE) [27] in combination with structural characterization by optical microscopy and cross-sectional scanning electron microscopy (SEM) we find that, even if there is a variation in the visual coloration and patterning of the beetles, it is possible to classify the Chrysina beetles according to two major types of polarization responses connected to two different exocuticle structures. One type is the green-colored beetles C. woodi, C. macropus, and C. peruviana and the green areas of C. gloriosa. The other category is the metallic-colored beetles C. chrysargyrea, C. argenteola, and C. resplendens and the metallic-colored areas of C. gloriosa. The results can be * liafe@ifm.liu.se used to aid the classification of new specimens in Chrysina as well as related genera.
II. EXPERIMENTAL DETAILS
Scarab beetles from the Chrysina genus are found in the southern United States, Mexico, Central America, and farther south to Ecuador. The specimens of C. macropus, C. peruviana, C. argenteola, and C. resplendens used in this work were obtained as loans from different museums. On these beetles we could not use destructive techniques and, thus, only polarization characteristics were obtained. However, C. woodi, C. gloriosa, and C. chrysargyrea were kindly provided by Dr. P. Brady at the University of Texas at Austin, making it possible to do additional structural studies of the exoskeletons of specimens from these species.
Initial tests with left-circular and right-circular plastic sheet polarizers were performed to verify that the beetles had exoskeletons reflecting light with a high degree of circular polarization. The polarizers were examined with MMSE and found to have an extinction ratio of 2000 or better for green light, whereas at the blue and red end of the spectrum of visual light it decreased to around 20. Next, detailed studies of reflection properties of the cuticle were performed using MMSE. A dual rotating-compensator ellipsometer (RC2, J.A. Woollam Co., Inc.) was used to record the normalized Mueller matrix of the exoskeleton of each beetle. A Mueller matrix provides a complete description of the specular reflection properties, including polarization changes and changes in degree of polarization. Several quantitative measures on polarization changes can thereby be derived as described below. Most of the measurements were performed on the scutellum, a small triangular area between the head and the wing cover, which in general is the flattest area on the exoskeleton. On C. gloriosa measurements were performed on the elytras, i.e., the wing covers. These are green with gold-colored stripes along them. Both the green and gold-colored areas were studied.
Measurements were done in the spectral range 245-1690 nm but only data in the range 245-1000 nm were considered for the analysis due to an increase of the noise level above 1000 nm. The use of focusing lenses allowed us to measure in areas with approximately a width of 50 μm. Both specularly reflected and scattered light were studied. The specular MMSE measurements were performed on all beetles at angles of incidence between 20
• and 75
• in steps of 5
• . The scattering measurements were performed on C. woodi, C. gloriosa, and C. chrysargyrea, fixing the sample holder at an incidence angle of 45
• . In the scattering measurements, data acquisition was performed by moving the detector ±15
• in steps of 3
• from the specular reflection angle, i.e., 45
• . The angle position of the detector thus ranged from 30
• to 60
• . The reflection properties of the beetles are analyzed using the Stokes-Mueller formalism [28] . In this formalism polarized light, unpolarized light, and partially polarized light are described with the Stokes vector S,
where I x , I y , I +45 • , and I −45 • are the irradiances for linear polarization in the x, y, +45
• , and −45
• directions, respectively, and I r and I l are the irradiances of the right-circular and the left-circular states of polarization, respectively.
The reflection properties of a beetle are described with a 4 × 4 Mueller matrix with elements M ij (i,j = 1,2,3,4). We normalized M with M 11 , the reflectance for unpolarized light, and the elements are thus defined as m ij = M ij /M 11 . We also limit the discussion to incident unpolarized light given by
T , where we also normalized by setting I i = 1 and T indicates transpose.
The Stokes vector S o for the reflected beam can now be expressed as a product of S i and M according to S o = MS i and we get the following expression: 
From S o we can determine the ellipticity angle, ε, degree of polarization, P , and polarization azimuth angle, α, of the reflected light according to [28] 
We also introduce the degree of circular polarization defined as P circ = V o /I o which from Eq. (2) is given by P circ = m 41 . In the results section we present the ellipticity e = tan instead of .
The Muller-matrix data are presented as polar contour plots where the parameters are represented as a function of wavelength λ ∈ [245,1000] nm and angle of incidence θ of the incident beam. Since the Mueller-matrix elements are normalized, m 41 ranges from −1 to +1. In some plots the m 41 scale is modified to range from minimum and maximum values to enhance the visibility of small features. The degree of polarization ranges from 0 to 1, corresponding to unpolarized and completely polarized light, respectively. The ellipticity has values from −1 (left-handed circular polarization) to +1 (right-handed circular polarization).
Finally, the absolute value of the azimuth angle is in the range 0
• -90
• , which except when |e| = 1 (circular polarization) represents an ellipse with its major axis orientated in the plane of incidence (p-polarized) when α = 0
• , and orientated perpendicular to the plane of incidence (s-polarized) when α = 90
• . The scattering plots show m 41 , P , e, and |α|. The structure of the exoskeletons of the beetles C. woodi, C. gloriosa, and C. chrysargyrea was observed using two different techniques: optical microscopy to look at their surfaces and SEM to look at cross sections of their elytras. The SEM used was a Leo 1550 with a Gemini field-emission column. The samples were cooled in liquid nitrogen for 10 min, cut with a razor blade, and glued to the sample holder with silver glue. Since the samples are nonconducting, a platinum coating with a total thickness of 3.6 nm was deposited during 20 s at 60 mA at a pressure of 5 × 10 −2 Pa. The accelerating voltage was 2 kV.
III. RESULTS AND DISCUSSION
In this section we first show polarization features of selected beetles using simple polarizing eyeglasses. A detailed characterization with MMSE is then presented and discussed. Finally supporting findings with optical microscopy and SEM are presented.
A. Observations through polarizing filters
The photos in Table II are taken with a left-circular polarizer in front of the camera, and without polarizer and with a rightcircular polarizer in front of the camera. Table II shows that the light green beetle C. woodi appears slightly green when observed through a left-circular polarizer TABLE II. Photos of C. woodi, C. gloriosa and C. chrysargyrea taken with a left-circular (LC) or right-circular (RC) polarizer in front of the camera or without a polarizer. The photos of the beetles are rescaled to the same size, typical sizes are given in Table I but looks red-brown when observed through a right-circular polarizer. As shown in the next section, this is a combined effect of scattering of small amounts of right-handed polarized light and left-handed polarized light. The latter is observed due to the low extinction ratio of the polarizer in the red end of the spectrum. Further details are presented in the next section. Similar effects are observed for the green beetles C. macropus and C. peruviana but are not shown in Table II .
C. gloriosa is green with gold-colored stripes along its elytras. Table II indicates that C. gloriosa reflects only lefthanded near-circular polarized light as it becomes almost black with a right-circular polarizer. This holds for both the greenand gold-colored areas. However, right-handed polarization effects cannot be excluded based on a simple visual inspection, and a detailed MMSE analysis as presented in the next section is needed to get a better view of the polarization behavior.
Finally Table II indicates that C. chrysargyrea also reflects left-and right-handed near-circular polarized light which is confirmed by the MMSE in the next section. Other beetles which show similar effects are C. argenteola and C. resplendens but are not shown in Table II . Figure 1 shows results from MMSE measurements performed on C. woodi. Even though a clear circular polarization effect is observed by eye, the measurements show very low values on m 41 , i.e., on the degree of circular polarization. Also the ellipticity is small. Figure 1 (right) shows m 41 and ellipticity on an expanded scale and it is then possible to observe some variation in the data indicating both left-and right-handed polarization but the effects are very small.
B. Mueller-matrix spectroscopic ellipsometry
In the scattering contour plots in Fig. 2 it can be observed that even though the polarization effect is very low for specular reflection, i.e., in this case 45
• , it increases for near-lying scattering angles, being near-circular left-handed polarized in the same wavelength range for which the weak polarization effect was found in the specular reflection as seen in Fig. 1 (right) . The fact that the off-specularly scattered light is polarized explains why observation through polarizing filters with incident unpolarized light gives clear polarization effects as shown in Table II . In visual observation, the beetles C. macropus and C. peruviana exhibit similar polarization features as C. woodi and MMSE measurements confirmed that they also have similar polarization behavior. Figure 3 shows the results of measurements on the greencolored areas of C. gloriosa. The MMSE data show a very low degree of circular polarization and ellipticity even though a clear circular polarization effect is observed by eye as seen in Table II . In Fig. 3 an expanded scale and it is possible to observe some variation in the data indicating both left-and right-handed polarization similar to C. woodi but the effects are slightly smaller. The measurements on the gold-colored areas show quite different results as seen in Fig. 4 . The m 41 data clearly show both left-and right-handed polarization depending on the angle of incidence and wavelength, even on a scale from −1 to 1. Left-handed polarization can be found at angles from 20
• up to 75
• and wavelengths from 400 to 700 nm approximately, whereas right-handed polarization is found in a smaller range of angles, from 55
• to 75
• , and wavelengths from 550 to 650 nm. The degree of circular polarization is thus very pronounced in the gold-colored areas of the exoskeleton of C. gloriosa. This is confirmed by the ellipticity plot where both high negative and positive ellipticities are reached. However, P is low in the angle and wavelength regions where polarization is right-handed. The scattering plots for C. gloriosa in Fig. 5 show different results depending on the area measured. The green-colored area shows a behavior very similar to that of C. woodi, C. peruviana, and C. macropus; i.e., at the specular angle, 45
• , the polarization effect is very low whereas it increases at off-specular angles. On the other hand, the gold-colored area shows left-handed near-circular polarization at the specular angle, but this effect decreases progressively for both increasing and decreasing off-specular angles. We can also observe in Fig. 5 (right) somewhat surprisingly that the ellipticity is large and very close to −1 over a large spectral range for scattering at angles closer to the normal than the specular direction. However, as P is very small in this region this effect will have very low influence on the visual appearance of the beetle.
The results of the measurements on C. chrysargyrea shown in Fig. 6 show a clear left-handed near-circular polarization at small incidence angles in the spectral range λ = 350-900 nm as represented by the red color in the m 41 plot. The large value on m 41 corresponds to a high degree of polarization for incident angles in the range 20
• -45
• and high ellipticity, close to −1 (near circular) at θ = 20
• in almost the whole visible range but decreasing with θ but extending to θ = 40
• or more for wavelengths from 350 to 450 nm.
There is also a λθ region with a right-handed polarization, represented by the blue region in the m 41 plot, for incidence angles in the range 55
• -65
• and at wavelengths from approximately 650 to 800 nm. The ellipticity plot shows some areas where the ellipticity is getting close to 1, but the degree of polarization is rather low.
The remaining parts of the λθ region shown in the contour plots represent reflection of linear s-polarized light as seen from the low ellipticity and azimuth values close to 90
• . The degree of polarization is in general high in this case. The results shown in the scattering plots for C. chrysargyrea in Fig. 7 are similar to those from the gold-colored areas of C. gloriosa. At specular reflection light is left-handed nearcircularly polarized but the effect decreases for light scattered at smaller angles. The degree of polarization is, in general, very high at any angle. The ellipticity is moderate at specular reflection but increases for scattering towards the normal in contrast to the results for the m 41 element.
Specimens of C. argenteola and C. resplendens, which are silverish and goldish, respectively, have also been studied. They show a behavior similar to that of C. chrysargyrea with high ellipticity and high degree of polarization.
C. Optical microscopy
Optical microscopy images of the surface of the exoskeletons of the beetles show different structures depending on their color. In general, the green-colored beetles, C. macropus, C. peruviana, and C. woodi, and the green areas of C. gloriosa show a pattern composed of polygonal cells as seen in Fig. 8 . Similar structures were observed by Sharma et al. [13] . The shapes of the cells are pentagonal, hexagonal, or heptagonal, depending on the curvature of the surface, and present a depression in the center of each cell. These depressions can be distinguished by the bright yellow reflections on the images. Circular polarization in light reflected from the cuticle is attributed to the presence of Bouligand structures. Such structures are hard to resolve with SEM but have been observed in transmission electron microscopy images [29] [30] [31] .
D. Scanning electron microscopy
The SEM cross-section images of the elytras show two parts in the exocuticle. The outermost part is known as the outer exocuticle and the inner one as the inner exocuticle.
SEM images of the metallic-colored beetle and the goldcolored areas of C. gloriosa in Figs. 9(a) and 9(c), respectively, show similar structures with sublayers parallel to the surface of the exoskeleton. The thickness of the sublayers decreases towards the surface.
The SEM images of the green-colored beetle C. woodi in Fig. 9(b) and the green-colored areas of C. gloriosa in Fig. 9(d) show a different structure. The inner exocuticle has a stack of sublayers parallel to the surface. However, in the outer part the sublayers are concentrically curved and form a cusplike structure with a width of around 10 μm.
IV. CONCLUDING REMARKS
The MMSE analysis shows that the beetles examined in this study, all belonging to the same genus, can be classified into two groups depending on the type of polarization behavior. One group is exemplified by the green-colored C. macropus, C. peruviana, and C. woodi that only show ordinary linear polarization effects but very small elliptical polarization effects for specular reflection. The second group is exemplified by those with metallic coloration, C. argenteola, C. resplendens, and C. chrysargyrea, that show very large elliptical polarization effects. These differences can be explained with scattering observations that show that the green beetles also show polarization but for off-specularly scattered light. C. gloriosa exhibits both types of effects; its green-colored areas belong to the first group and its gold-colored areas to the second.
These results are due to differences in the structure in the exocuticle as confirmed by the optical microscopy and SEM studies. The metallic-colored beetles and gold-colored areas of C. gloriosa have a flat surface within the beam spot and the layers in the exocuticle are parallel to this surface. Such a structure acts as a specular reflector. On the other hand, the structure of the exoskeleton of the green beetles and the green areas of C. gloriosa show a textured surface with depressions that correspond to the cusplike structure seen in the outer exocuticle. Simulation of cuticle reflection properties has been performed by several groups [14, 15] , but electromagnetic modeling of beetle cuticle is a complex task and has so far only been performed for simple structures [17] .
Chrysina is a genus with around 100 species [32] . Nearly 75% of the species are green colored and it may be anticipated that they have similar polarization behavior as the green beetles presented in this study. Less than 20% of the Chrysina species have metallic coloration with different silver-colored or goldcolored tones which may have similar reflection properties as C. chrysargyrea and the other metallic-colored beetles in this study.
From this point it seems that at least two types of polarization behavior are common in the Chrysina genus but with possibilities that some have other polarization effects. There are, for instance, a few Chrysina beetles having a brownish coloration that may not be included in the classification above. Two of these are the striped C. adelaida (included in Table I ) and C. quetzalcoatli with green stripes similar to C. gloriosa but with the other stripes in a red-brown color instead of metallic. Some initial studies of C. adelaida have shown more effects in the near infrared wavelength region, thus indicating a different structure. The minority of Chrysina beetles with brownish coloration will be the subject of a future study.
